Significance of this study
What is already known about this subject?
► Weight loss can reduce or prevent the onset of type 2 diabetes, and clinical guidelines recommend a moderate dose (16 weekly sessions) of behavioral weight loss treatment for adults with excess body weight.
What are the new findings?
► A high dose (24 weekly sessions) of behavioral weight loss treatment may be required to optimize improvements in glycemic control among adults with prediabetes.
How might these results change the focus of research or clinical practice?
► When recommending weight loss for adults with obesity and prediabetes, clinicians should consider prescribing a high dose of behavioral treatment.
AbStrAct
Objective This study examined the effects of three doses of behavioral weight loss treatment, compared with a nutrition education control group, on changes in glycemic control in individuals with obesity and prediabetes.
Research design and methods The study included 287 adults (77% female, 81% White; mean (SD) age=54.1 (10.5) years, body mass index=36.3 (3.9) kg/m 2 , and hemoglobin A1c (HbA1c)=5.9 (0.2%)). Participants were randomized to one of three behavioral treatment doses (high=24 sessions, moderate=16 sessions, or low=8 sessions) or to an education group (control=8 sessions). Changes in HbA1c, fasting glucose, and body weight were assessed from baseline to 6 months. Results Mean (99.2% credible interval (CI)) reductions in HbA1c were 0.11% (0.07% to 0.16%), 0.08% (0.03% to 0.13%), 0.03% (-0.01% to 0.07%), and 0.02% (-0.02% to 0.07%), for the high, moderate, low, and control conditions, respectively. Mean (CI) reductions in fasting blood glucose were 0.26 mmol/L (0.14 to 0.39), 0.09 mmol/L (0 to 0.19), 0.01 mmol/L (-0.07 to 0.09), and 0.04 mmol/L (-0.03 to 0.12) for the high, moderate, low, and control conditions, respectively. The high-dose treatment produced significantly greater reductions in HbA1c and fasting blood glucose than the low-dose and control conditions (posterior probabilities (pp)<0.001); no other significant betweengroup differences were observed. Mean (CI) reductions in body weight were 10.91 kg (9.30 to 12.64), 10.08 kg (8.38 to 11.72), 6.35 kg (5.19 to 7.69), and 3.82 kg (3.04 to 4.54) for the high, moderate, low, and control conditions, respectively. All between-group differences in 6-month weight change were significant (pps<0.001) except for the high-dose versus moderate-dose comparison. Conclusion For adults with obesity and prediabetes a high dose of behavioral treatment involving 24 sessions over 6 months may be needed to optimize improvements in glycemic control. Trial registration number NCT00912652.
InTROduCTIOn
Prediabetes, a high-risk condition for the development of type 2 diabetes, affects approximately 84.1 million adults in the USA. 1 Current estimates predict that without changes in lifestyle or weight loss 11% of individuals with obesity and prediabetes will progress to type 2 diabetes annually. 2 3 Weight reduction in particular is a well-established method for delaying and/or preventing the development of type 2 diabetes in people with prediabetes. [4] [5] [6] [7] [8] A variety of weight loss interventions are available for adults with obesity, including behavioral/lifestyle treatment, pharmacotherapy, and bariatric surgery. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Behavioral treatment commonly produces mean losses of 8%-10% of initial body weight without the negative side effects or complications associated with pharmacotherapy or surgery. 12 13 Guidelines from professional organizations and scientific groups, such as the American Diabetes Association, 14 the US Preventive Services Task Force, 15 16 the American College of Cardiology/American Heart Association/The Obesity Society, 17 and the Centers for Disease Control and Prevention's National Diabetes Prevention Program, 18 endorse behavioral treatment as the first line of intervention for adults with excess body weight.
Determining an appropriate dose of treatment is a key consideration when prescribing Obesity Studies behavioral weight loss interventions. 19 Early studies in this area found that treatment duration was positively associated with weight loss outcomes 20 21 ; however, more recent work has demonstrated that a 'moderate' dose of treatment may have similar weight outcomes as higher dose treatment. 22 For example, the Rural Lifestyle Intervention Treatment Effectiveness (Rural LITE) Trial 22 showed that high (24 weekly sessions) and moderate (16 weekly sessions) doses of behavioral weight loss treatment produced significantly greater weight reductions than low-dose (8 weekly sessions) treatment and a nutrition education control group (8 weekly sessions), but there was no significant difference in the weight losses achieved by the high-dose and moderate-dose conditions.
To our knowledge, no randomized trial has examined the effects of various doses of behavioral weight loss treatment on glycemic control in adults at high risk for developing type 2 diabetes. While there is some evidence to suggest that incremental increases in treatment dose produce larger weight reductions, 21 22 it is unclear whether the same pattern applies to the effects of treatment dose on glycemic control. Therefore, we conducted secondary data analyses of data from the Rural LITE Trial to evaluate the effect of dose of behavioral weight loss treatment on changes in glycemic control among adults with obesity and elevated hemoglobin A1c (HbA1c) levels.
ReseaRCH desIgn and meTHOds Participants
The current study included 287 of the 612 men and women with obesity who participated in the Rural LITE Trial. 22 Participants were adults with obesity (age=21-75 years old, body mass index (BMI) ≥30 kg/m 2 ) who lived in 1 of 10 medically underserved counties in north central Florida and had no medical comorbidities that contraindicated participation in a standard behavioral weight loss program. While the parent trial excluded participants with uncontrolled diabetes, it included participants with well-managed diabetes as well as individuals with normal levels of glycemic control. Full inclusion/exclusion criteria have been published previously. 22 The current study included only participants with HbA1c levels in the prediabetes range (≥5.7 and ≤6.4%) who did not have a history of diabetes (per physician diagnosis; see figure 1 for the participant inclusion flow chart). Participants with HbA1c levels in the prediabetes range but who also had a history of diagnosed diabetes were excluded to avoid the possible confounding effect of antihyperglycemic treatment.
Content and doses of treatment
Eligible participants were randomized to one of the four treatment conditions: high-dose behavioral treatment (HIGH=24 sessions over 6 months), moderate-dose behavioral treatment (MOD=16 sessions over 4 months), low-dose behavioral treatment (LOW=8 sessions over 2 months), or a nutrition education control group (CONTROL=8 sessions over 2 months). The number of sessions (8) selected for the LOW and CONTROL conditions reflected the norms in the local community for the delivery of weight loss programs and adult education classes focused on healthy lifestyles. Across all intervention arms and the education control group, treatment was delivered in weekly 90 min group sessions. Groups consisted of 6-15 participants and were led by interventionists with a bachelor's or master's degree in nutrition, exercise science, or psychology (details regarding interventionist training have been published previously). 22 Intervention content for the HIGH, MOD, and LOW conditions was based on the Diabetes Prevention Program 23 and was tailored to address concerns unique to residents from rural communities (eg, absence of community exercise facilities, tradition of country cooking). 22 Participants in the HIGH, MOD, and LOW groups were instructed: (A) to follow a low-calorie diet (1200 kcal/ day for participants weighing <114 kg, 1500 kcal/day for those weighing 114-136 kg, and 1800 kcal/day for those weighing >136 kg at baseline); (B) to increase physical activity using a home-based walking program (with a goal of extra 30 min/day above baseline levels); and (C) to employ behavior change strategies (eg, goal setting, self-monitoring of caloric intake and daily steps, stimulus control, and problem-solving) in order to induce a negative energy balance. While treatment content and written materials were the same for the HIGH, MOD, and LOW conditions, the number of weekly treatment sessions varied according to the dose of treatment. The greater number of sessions in the MOD and HIGH conditions allowed for increased interventionist contact time and greater discussion of content included in the behavioral treatment modules.
The nutrition education condition served as a CONTROL for interventionist attention and for the delivery of relevant weight management information. Each session included a lecture on a topic relevant to nutrition, physical activity, or weight control, followed by a group discussion of how the information was relevant to health and weight management. Participants also received nutrition, physical activity, and health-related educational materials derived from resources available from US government agencies including the National Institutes of Health and the US Department of Agriculture. 24 25 In contrast to the behavioral treatment groups, participants in the CONTROL condition were not assigned caloric intake or physical activity goals, and they did not receive instruction on behavioral strategies for weight management (eg, goal setting, self-monitoring of caloric intake, and so on).
measures Glycemic control was evaluated via measurements of HbA1c and fasting glucose at baseline and 6 months. Participants were asked to fast for 12 hours prior to having their blood drawn from the arm or hand by a study nurse Obesity Studies masked to treatment conditions. Under aseptic conditions, using standard venipuncture techniques, a 15 ml sample of blood was drawn and subsequently analyzed for glycated hemoglobin and fasting glucose. The samples were analyzed via Immunoturbidimetry by Quest Diagnostics Clinical Laboratories, which is accredited by the College of American Pathologists. Change in glycemic control was calculated by subtracting baseline values from corresponding values at 6 months. Participants were considered to have achieved a clinically significant improvement in glycemic control if HbA1c decreased by ≥0.3%, in accord with the guidelines from Food and Drug Administration 26 and the European Medicines Agency 27 regarding diabetes drug development. Body weight was measured at baseline and 6 months by a study nurse masked to treatment condition. Weight was measured to the nearest 0.1 kg using a calibrated, certified digital scale (Tanita, Model BWB-800S, Arlington Heights, IL) with participants in light indoor clothing, without shoes. Change in body weight was calculated by subtracting baseline weight from 6 months' weight.
In addition to weight measurements at baseline and 6 months, weekly weight measurements were recorded by interventionists to provide feedback to participants during the program. Weekly weights were used in the missing data analyses, described below, and were measured in the same manner as the baseline and 6 months' weights.
statistical analyses
Descriptive statistics were calculated to examine participant characteristics by treatment condition. Testing was carried out to evaluate differences in baseline characteristics, attendance, and 6-month follow-up between treatment groups (using χ 2 for categorical variables and one-way analyses of variance for continuous variables). Bayesian non-parametric models, specifically Dirichlet process mixtures, 28 were used to model the distributions of baseline glycemic control and weight, and 6-month changes in glycemic control and weight. Statistical significance was set at the 99.2% credible interval (CI) excluding the null value (eg, for treatment difference excluding zero), or posterior probabilities (pp) for a difference Obesity Studies larger than the null and greater than 0.996. These critical thresholds were based on Bonferroni corrections to the six pairwise comparisons between groups. In the text, we report 95% CIs for 6-month change for each treatment.
We considered both missing at random (MAR) and missing not at random (MNAR) assumptions for missing data, allowing for the inclusion of sensitivity parameters, which are essential in clinical trials with missing data. 28 29 For the MNAR assumption for HbA1c and fasting glucose (measured at baseline and 6 months), the sensitivity parameter corresponds to, on average, HbA1c and fasting glucose returning to baseline after dropout. For weight (measured weekly), the sensitivity parameter depends on the week of dropout and assumes an average weight regain of 0.075 kg/week 30 31 until reaching baseline. The MAR and MNAR analyses generally revealed the same pattern of significant findings; exceptions are noted in the Results section. All other study outcomes reported in the text, tables, and figures are based on the MNAR analyses.
ResulTs

Baseline characteristics
The sample included 287 adults with obesity and prediabetes aged 21.5-76.1 years; the mean (SD) age was 54.1 (10.5) years. Seventy-one participants were randomized to the HIGH condition, 65 to MOD, 74 to LOW, and 77 to CONTROL. At baseline, the mean (SD) for BMI was 36.3 (3.9) kg/m 2 , and mean (SD) for HbA1c was 5.9 (0.2)% or 41.0 (2.2) mmol/mol. The majority of participants were women (77.4%). Eighty-one percent of participants self-identified as White, 15.7% as African-American/ Black, 3.8% as Hispanic/Latino, and 3.1% as 'Other' or multiple races. Forty-five percent of participants had a total family income less than $50 000/year. Baseline characteristics and demographics are presented in table 1; there were no significant differences in baseline characteristics by treatment condition.
attendance and 6-month follow-up Overall, participants completed 81.7% of scheduled treatment sessions. Mean attendance rates for the HIGH, MOD, LOW, and CONTROL conditions were 75.1%, 81.6%, 83.6% and 85.8%, respectively. There was a significant difference in the attendance rates between the HIGH versus CONTROL conditions (p=0.003), but there were no other significant between-group differences. With regard to follow-up at 6 months, 91.6% of participants returned for assessment. There were no significant differences in the proportion of participants who completed weight measurements by treatment condition. However, there were significant differences between conditions in the percentages of participants who completed blood draws required for measurement of glycemic control. The blood draw completion rate for the MOD condition (92.3%) was significantly higher than the rates in the HIGH, LOW, and CONTROL conditions (80.3%, 68.9%, and 72.7%, respectively; p<0.01).
Changes in glycemic control at 6 months Estimated within-group changes from baseline to 6 months in the MNAR analysis showed significant improvements in HbA1c and fasting glucose for the HIGH and MOD conditions (pps<0.05) but not for the LOW and CONTROL groups. Mean (95% CI) reductions in HbA1c were 0.11% (0.07% to 0.16%), 0.08% (0.03% to 0.13%), 0.03% (−0.01% to 0.07%), and 0.02% (−0.02% to 0.07%), for the HIGH, MOD, LOW, and CONTROL conditions, respectively. Of note, the MAR analysis showed a similar pattern but indicated a significant within-group improvement in HbA1c for the LOW condition. Mean (95% CI) reductions in fasting blood glucose were 0.26 mmol/L (0.14 to 0.39), 0.09 mmol/L (0 to 0.19), 0.01 mmol/L (−0.07 to 0.09), and 0.04 mmol/L (−0.03 to 0.12) for the HIGH, MOD, LOW, and CONTROL conditions, respectively.
With respect to between-group differences at 6 months, the 99.2% CIs in the MNAR analyses for all measures of glycemic control resulted in intervals excluding zero for HIGH versus LOW and for HIGH versus CONTROL. Of note, the comparison of HIGH versus MOD for fasting glucose was significant (pp=0.002) in the MAR analysis but not in the MNAR scenario (pp>0.05); otherwise, the observed pattern of effects remained significant across both the MAR and MNAR analyses. All other betweengroup comparisons for change in glycemic control were non-significant. Trajectories for changes in HbA1c and fasting glucose are presented in table 2 and figure 2A,B .
In an exploratory analysis, the effect of treatment condition on the achievement of a 'clinically significant' improvement in glycemic control (defined as an HbA1c reduction of ≥0.3%) was examined. Clinically significant changes were observed in 37.0%, 30.3%, 18.6%, and 15.5% of the participants in the HIGH, MOD, LOW, and CONTROL conditions, respectively. The 99.2% CIs for the differences between the conditions resulted in intervals excluding zero for HIGH versus LOW and for HIGH versus CONTROL; for all other comparisons, the CIs included zero. We also examined the percentage of participants in each condition with HbA1c values less than 5.7% at month 6. Based on the MNAR analyses, those values were 29.4%, 27.9%, 24.1% and 20.2%, for the HIGH, MOD, LOW, and CONTROL conditions, respectively.
Weight changes at 6 months Estimated within-group changes from baseline to 6 months showed significant reductions in body weight for all four conditions (pp<0.05). The 99.2% CIs for the differences between the conditions regarding weight loss resulted in intervals excluding zero for the following comparisons: HIGH versus LOW, HIGH versus CONTROL, MOD versus CONTROL, and LOW versus CONTROL; however, the difference between HIGH figure 2C .
dIsCussIOn
Key findings
Identifying the dose of treatment required to optimize improvements in glycemic control represents an important consideration in the prescription of behavioral weight loss interventions for adults with obesity and prediabetes. High and moderate doses of behavioral treatment typically result in greater weight losses than low-dose treatment, but prior to the current study, it remained unclear whether the same pattern of effects would be observed with respect to changes in glycemic control among adults with obesity and prediabetes.
The findings in the current study showed that a high dose of behavioral treatment produced significantly greater reductions in HbA1c and fasting glucose compared with low-dose treatment and an educational control condition. Notably, a moderate dose of behavioral treatment, which is commonly recommended in guidelines for obesity management, [14] [15] [16] [17] [18] did not produce Obesity Studies significantly greater improvements in glycemic control compared with the low-dose treatment or the nutrition education condition. Furthermore, only the high-dose treatment resulted in a statistically larger percentage of participants who achieved clinically significant reductions in HbA1c compared with the low-dose and the education control condition. Participants in the high-dose and moderate-dose treatment groups in this study achieved mean reductions in HbA1c of 0.11% and 0.08% (1.20 and 0.90 mmol/mol), respectively. The magnitude of these improvements is similar to the finding from the original Diabetes Prevention Program trial, 4 which demonstrated a 0.10% (1.10 mmol/mol) reduction in HbA1c over 6 months and subsequently a 58% reduction in diabetes incidence over 3 years for individuals randomized to behavioral weight loss treatment. In the current study, the MNAR analysis revealed no significant differences between the high-dose and moderate-dose conditions with respect to changes in weight or HbA1c. However, in the MAR analysis, the high-dose treatment showed a significantly greater improvement in fasting glucose compared with the moderate-dose condition. In both the MAR and MNAR analyses, only the high-dose treatment achieved significant improvements in both weight and glycemic control compared with low-dose treatment and the education control group.
The results from the current study also showed that high and moderate doses of behavioral treatment produced similar degrees of weight reduction in adults with obesity and prediabetes. Furthermore, the weight losses experienced by participants who received the high and moderate doses were significantly greater than those experienced by participants randomized to the low dose or nutrition education control (both eight sessions). These findings mirror the pattern of effects observed in the parent Rural LITE Trial, 22 which included adults with normal glycemic levels and with type 2 diabetes as well as individuals with prediabetes.
The findings from the current study argue for standardization in how dose of behavioral treatment is defined and recommended. A common definition of optimal treatment dose will aid in the communication of appropriate prescriptions for behavioral treatment. Moreover, treatment recommendations should take into account whether the target outcome is weight loss alone or weight loss with improved glycemic control. With respect to weight change, moderate-dose and high-dose treatments appear to produce equivalent weight reductions. 22 However, the findings from the current study showed that only the high-dose treatment produced statistically and clinically significantly greater improvement in glycemic control compared with the low-dose and nutrition education conditions. The longer length of treatment in the high-dose treatment (24 weeks) versus the low-dose and control conditions (each 8 weeks), coupled with greater weight loss, may account for the greater improvements in glycemic control observed in the high-dose treatment compared with the low-dose and control conditions. strengths and limitations To our knowledge, this study is the first randomized controlled trial to examine the effect of dose of behavioral treatment on changes in both weight and glycemic control as assessed by HbA1c and fasting glucose values.
Other strengths of the current study include the recruitment of a large sample of adults with obesity and prediabetes, the implementation of behavioral treatment in medically underserved community settings, the use of Bayesian non-parametric modeling, and the incorporation of both MAR and MNAR analyses to account for the potential influence of missing data.
This study has several limitations. First, although we incorporated a nutrition education control condition, Figure 2 Changes (means±posterior SDs) in HbA1c (A), fasting glucose (B), and body weight (C) by treatment condition based on missing not at random (MNAR) analyses. Means that do not share subscript letters differ significantly from each other. *NOTE: The HIGH versus MOD difference in fasting glucose was significant in the missing at random (MAR) analysis (pp=0.002).
Obesity Studies our design did not include an untreated control group. Participants in the nutrition education condition achieved a mean weight loss of 3.82 kg and a mean reduction in HbA1c of 0.02% (0.20 mmol/mol). It is unlikely that an untreated group of individuals with obesity and prediabetes would achieve comparable improvements in weight and glycemic control. 31 32 Second, following the start of treatment, change in HbA1c was measured Obesity Studies at only one time point (ie, 6 months). More frequent measurements (eg, 2 and 4 months) would have enabled a determination of the degree of glycemic change that occurred immediately following the completion of the control and low-dose treatments, which concluded after 2 months, and immediately following the moderate-dose treatment, which concluded after 4 months. During the interval between the completion of treatment for these conditions and the 6-month assessment, participants in the moderate, low, and control groups may have begun to regain weight. Because HbA1c measurement provides an estimate of average blood sugars over the preceding period of 3-4 months, 33 it is possible that the immediate post-treatment improvements in glycemic control for participants in these conditions may not have been captured at the 6-month assessment. Third, changes in diet composition and physical activity were not available for inclusion as covariates in our analyses. However, findings from the Diabetes Prevention Program showed that weight loss, rather than changes in diet composition or physical activity, was the single factor mostly closely associated with improved glycemic control. 34 Fourth, an assessment of long-term changes in glycemic control was not available; consequently, the maintenance of changes in HbA1c and fasting glucose is unknown. Finally, the study sample comprised largely White women from rural communities in Florida; the generalizability of the findings to other populations may be limited.
COnClusIOns
Practice guidelines for the management of obesity [14] [15] [16] [17] [18] commonly recommend a moderate dose of behavioral treatment. Moreover, while clinical trials have demonstrated the beneficial effects of moderate-dose 4 and high-dose 35 interventions, low-dose treatment often continues to be the norm in many clinical and community settings. 36 37 The findings in the present investigation indicate the need for further study of the short and long-term effects of various treatment doses on glycemic control. If replicated, the results of the current study would suggest that for adults with obesity and prediabetes a high dose of behavioral weight loss treatment may be needed to produce clinically meaningful improvements in glycemic control.
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